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A COMPARilTIVE STUDY OF TIID SIZIIS OF 

FT/iT-PLt'.TE EXHAUST-G/^-TO-V.IR EELIT 
EXCE''J]GERS WIIH /iND WITHOUT FIT© 


By ThOi'V<al Tondolarid and 
Charles P. Steirmictz 


SUT.(E-I<ARY 

Analytical comparisons of weights and voliTmcs arc made for 
flc.t— plate hoat ozchr.ngors he.ving the same calcalatod thermal 
output and friction pressui'e drop for three different fin configura.— 
tiens; namely^ (l) no fins, (2) fins in both the air and the exhaust 
gas and ( 3 ) fins in the air passages only. Tost dala from 

two lioat exchangers, one of conf ig'araticn (l) and the other of 
configuration (2) ai’o compared with the predicted wei^its and 
volui'dcs. Tile thermal output and pressuiro-drop porforraanoe for 
those two exchangers, as cYalua.ted from flight and ground tests, 
are also pro son tod. 

With tho use of fins in both the air end the c:diausb-gas 
XJansagos, reductions in volume of tho heat-exchanger core of 
significant magnitude can be obtained. Weight reductions with this 
fin arrangement depend upon the design fin efficiency and the 
th.iclnioss of the fluid passage gaps. Ttio largest reductions in weight 
wore obtained with the lowest design fin efficiencies investigated, 
namolx’’ 7^ percent, and in exchangers which have a. largo number of 
passages with the same size air and exhaust— gas passage gaps. 
Reductions in weight and volume with fins in tho air passages 
only are not so large as occur with the use of fins in both 
passages . 
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INTRODUCTION 


The porfonnc;nco of sevei’cl oxiioust— gr.s— to— oir heat exchangers 
has "boon ovaliAatod hy ground tests made at the University cf 
California (references 1 through 4) and hy fli^t tests conducted 
at the /ones Aeronauticnl Laboratory (references 5 end 6) . As a 
result of those tests, the practicability of various designs of heat 
exchangers as a, source of heatod air for a. thermal ice— prevention 
system has been established^ rJ.so important theoretical relation- 
ships for predicting the pcrforma.ncos cf various types of heat 
exchangers have boon doto3miiinod. The purpose of the current study 
is to invostiga-te the possibility of reducing the over-all size and 
voight of flat— plate— t;,'po heat exchangers by the additiofi of fins to 
the surfaces. Bio fla1>-plcto-typc heat exchanger was selected for 
invostigation because it possessed advantages, in rolSi-tion to other 
types, in size and voi^t for specified values of heat— transfer 
rate and pressure drop. 

liio investigation was conducted in two parts: theoretical and 
experimental. Tito representative heat exchangers wore constructed 
and tested to verify the results of tho analysis. Both the 
theoretical and experimental investigations wore conducted a.t 
Ames Aeronautical Laboratory, Moffett Field, California. 


SY1®0LS 

Tao symbols used throughout tho report aro as follows: 

A cross — sectional free- flow area of heat— oxchangor core, spuaro 

feet 

b fluid passage width, foot 

c-n specific heat of fluid, Btu per pound, degree Fahrenheit 

Do equivalent or hydraulic diameter \^kA/L-g J, feet 

d fluid passage gap, foot 

f friction factor for fluid flow, dimensionless 
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Cr weight rato of fluid flow per unit cross-sectional area 
(w/a), pounds per hour^ square foot 

h surface Iioatr-trrnsfer coefficient^ Btu per hour^ square foot, 
degree Fahrenheit 

k thermal conductivity, Btu per hour, square foot, degree 
Fahrenheit per foot 

K constant or factor, dimensionless 

L fluid passage length, foot 

Lp wetted poi’inctor of fluid passage, feet 

no~flow dimension, foot 

N nuaher of pa.s3agos for one fluid 

P 3 static pressure, pounds per square foot 

pip total pressure, pounds per square foot 

Ap pressure difference, pounds per square foot 

q dynamic pressure or velocity head, pounds per square foot 

Q rate of heat flow, heat output or enthalpy change, Btu per 
hovir 

Rq Ro^Tiolds number (DgG/p), dimensionless 

S heat— transfer— surface area, square feet 

t static temperature, degrees Falironhoit 

At static tempera. turc difference, degrees Fahrenheit 

T absolute tenperaturo (t + 460), degrees Fahrenheit a.bsoluto 

Up ever — "11 heat— transfer coefficient based upon a. unit primary 

heat— transfer— surface area, Btu per hour, square foot, 
degrees Fahrenheit 
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volocitvj foot por occond 

volvino of hoc.t-oxchr.ngor core, cubic foot 

weight rate of fluid flow, pounds por hoijr 

woi^t of heat-oxchengex'' core, pounds 

woiglit of finned surfaces, pounds 

fin length, foot 

notal. thickness, foot 

fin efficiency, dlaiensionlesB 

niass density, slugs por cubic foot 

absolute viscositj'", pounds per hour, foot 

specific woi!^it of hoat-oxchanger material, pounds per cubic 
foot 

cripts 

air side 

a.vera.go conditions 
core 

cross flow 

ba,so of natural logarithms 
expansion 
sxurfaco friction 
ga,s side 

inlet conditions 
moan 


WACA standard conditions 
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P 

plate or wall surfaces 

out 

Oil tic t condition.s 

X 

finned surfa.cos 

tos'e 

tost conditions 


^a,3,4,5 refer to stations of the heat-exchangor installation as 
tostod in fli^it 


THEOBETIC/i Ilf/SSTIGATION 

In order to dotormino if rodtietions in tho size and weight 
of flat-pla-to— tyoe heat exchangers by tho addition of fins are 
possible, general equations for the porformanco of such heat 
exchangers must bo developed end e:q)rossod in terms of the primary 
variables. The solutions to ttioso genoraJ. eqviationa should provide 
a. series of charts from which tho optimum heatr-oxchanger designs 
can be selected for certain fixc;d initial conditions. By 
developing such design charts for both finned and unfinned heat 
exchangers, the relative size md weight advantages of eithoi"’ can 
bo determined for tho srjno initirJL conditions. 


AK'J.y3IS 

Tho important factor which determines tho weight and volume 
of an unfinnod boat exchanger is tho primary heat-transfer- 
surfa.co area. Eoforring to figiirc 1, which is a sicotch of tho 
simplest t^qpc of flo,tr-plato boat exchanger, it can bo shovm that 
tho wci^it and.volurao of the core are 


and 


( 1 ) 
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Tho wei^t of the core as expressed hy eq^uation (1) is that of the 
total flat-plate siirface area, with the wei{^t of structural 
moiobers, flanges, welding material, etc., neglected. 

A comparison of eqmtions (l) and (2) indicates that the 
produ.ct hatg, which is the area of one of the plates, is common 
to hoth equations. By expressing the heat— transfer— surface 
area as 

S = 2 N^b^bg (3) 


then the product b^^bg is 

batg = (S/2Na) (^) 


Substituting the above value of batg, equations (l) and (d) 
become 


and 

Vc = (SZn/2Na) 


(5) 



From equations (5) and (6) it is apparent that both core weight 
and volume vary directly with the heat— transfer— sui’f ace area. 

Thus for the same fluid passage gaps and number of passages, and the 
same plate metal material and thickness, both the weight and the 
volume of a flat-plate heat-exchanger core can be decreased by 
reducing the primary heat-transfei^surface area. 

One method which see3ns likely to reduce the primary heat- 
transfer surface area is to utilize finned siirfaces in both tho 
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air and the exhaust-gas passages or in either of the passages. 

To obtain an indication of the practicability of the use of finned 
surfaces to reduce the primary heat -transfer-surface area, it 
is necessary to examine their effects upon the thermal output 
of the heat exchanger. 

The total heat-transfer rate between the exhaust gas and air is 


Q = UpS At 


M 


( 7 ) 


where the over-all heat-transfer coefficient Up is based upon a 

unit prin^ary heat-transfer-surface area, and the mean temperature 
diffei’ence Atj^ (from reference 7) is 

A . _ ^ (^5jn ^Qjn) ^^out) 

In equation (8), the factor is used to express the variation 

of the mean temperature difference between cross flow and parallel 
flow. 


For given design conditions of thermal output, air and 
exhaust-gas flow rates, and inlet-air and exhaust-gas temperatures, 
the mean temperature difference in equation (7) is constant. Thus 
for the same thermal output, any increase in Up, in equation (7), 

•vrlll result in a proportional decrease in S, the primary heat- 
transfer-s\irface area. 

For an vnfinned or all-primarj'' heat -transfer -surface -type 
heat exchanger, the over-all, heat-transfer coefficient as noted in 
reference 7 aiii neglecting the thermal resistance of the \iralls, is 


^ " 0-lh) * (M»a) 

where 


h = 0,02(k/D,)(E^)“- = 


( 10 ) 
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Equation (lO) is applica,T3lc for turbulent flow of gases in round 
tubes and lias boon proven satisfactory for turbulent flow throuf^ 
rectangular channels when an equivalent or hydraulic diameter is 
used. With the addition of finned surfaces to both the air and 
the o;dia.ust~gas passages^ the expression for the over-all heat- 
transfer coefficient becomes 


Ur, = 


( 11 ) 


hg <i 1 + [(r|S2(.)g/s] [ 


V + 


h. 


•7 

^ 1 + 


Tus7)jsiy 


The effects upon U^ of the addition of fins to both the air and the 
eidiaust— gas passa,ges' may bo illustrated by assuming approximate 
values for the variables in equations (9) oud (ll) . For example, 
assuming a ratio of effective fin area to primarj^ surface area 
equal to 1 or (t>Sx/s) = 1, and assuming equivalent values for the 
surface heat— transfer coefficients in both equations, the increase 
in Up is 100 percent. Thus for the same thermal output, a, reduc- 
tion of the primary heat-transfer-surface area of 50 percent 
is possible . 

The other fin arrangement considered is the addition of fins 
to either the air or the exhaust-gas passages, Vfith fins in the 
air passages, the over-all heat-transfer coefficient is 



and with fins in the exhaust-gas passages. 


Up = 


h 


6 


r 

a 


[ (t|S^) 


X'g' 


/3 it 


_1_ 

h. 


(13) 


The increase in Up with this fin arrangement can also be shown 
by assuming approximate values for the variables in equations (9)^ 
(12 ), and (13^ • Assuming ho and hg in all throe equations equal 

to 20 and aesuming (qS^/s) = 1 in cqua..tions (12) and (13) ^ "the 
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increase in Up resulting from the addition of fins to one set of 
fluid ponsages is 3^ percent. Therefore, it is apparent that for 
the sane effective fin area the larger decrease in the primary 
heat— transfer— surface area can be obtained by using fins in both the 
air and the exhaust— gas passages. Because the heat— transfer 
coefficients, h- and hg, are of approximately the same magnitude 
in an exliaust— gas— to-c.ir heat exchanger, the effective fin area 
should be made to be of the same magnitude for both the air and 
the exhaust— gas sides. For any v.c,lue of effective fin area 

equa 


in the over-all heat—tpansfer coefficrient Up. 

As may be noted from equation ( 3 ), the total primary heat- 
transfer— surface area con be reduced by decreasing either b^^, 
bg, or Ng. With tho use of fins and for equivalent fluid 
passage gaps, decreasing either b^_, bg, or Wg results in an 
increase of the friction pressure drop of the heat-exchanger 
core vhen tho fl^^id flow rates are constant. This increase in 
friction pressure drop is due. to two causes; namelj'’, (l) increasing 
the velocitj'' of the air or exhaust gas in the heat— exchanger core 
as a result of decreasing tho cross— sec tioml area for flow by 
decreasing either b^^, bg, or Ng, and ( 2 ) increasing the 
wetted surface perimeter by adding finned siarfaces and thereby 
decreasing the hydra.ulic diameter of the fluid passages. The 
friction pressure drop for fluid flow in rectangular passages may 
be expressed, when a,n equivalent or hydraixlic diameter is used, 
as follows : 


To corapensate for the increase in friction pressiuro drop 
resulting from the addition of fins, it is necessary to increase 
tho gas— pa.ssage gaps, thereby increasing the no-flow dimension, Ixi. ■ 
As indicated by equation ( 2 ), .an increase in the ne-flow dimension 
may also increase the volume of the heat-exchanger core, depending 


h, 


■e 



App = f I V^e.v 


( 14 ) 
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upon the mgaitude of the decreo.se in bj, or bg or both. 
Therefore, it appears probable that there will be an optimun gas 
passs,.ge gap at which the total core volur.ie will be a riininun. 

The subseauent analj^sis wa.s uade in order to determine this point 
of ninimun core weight and volur.ie. 

Families of heat exchangers of the following configurations 
wore designed: (l) unfinned flat plate, (2) flat plate with fins 
in both the air and the exhaust— gas passages (3) flat plo.te with 
fins in the air passages only. The wei^ts and volumes of the 
finned and unfinned units were then compared. The design condi- 
tions were the same for all three ' heat— exchanger configurations and 
are listpd as follows: 



Air Side 

Gas Side 

Heat output, Btu/hr 

250,000 

250,000 

Friction pressure drop, Ib/sq ft 

7.5 

10 

Flow rate, lb /hi’ 

3500 

3500 

Q 

Inlet tempo rat lire, F 

59 

1600 

Inlet pressures, Ib/sq in. 

14.7 

14.7 


The design of the heat exchangers was accomplished by 
oxpi'essing the relationship for over-all heat— transfer rate 
(equation (7)) and the relationships for friction pressure 
drop for both air and exhaust gas (equation ( 1 ^)) in terns of 
the fluid— pas sag3 dimensions b and d and the nur.iber of 
passages N. These relationships were then solved simultaneously 
for expressions for the fluid— passage dimensions in terms of the 
following variables: 


1. 

Number of air and exha,ust-gas pas 

sages Nj,, Ng 

2. 

Specific properties of the gases 

^g^ ^^a-" ^g-* 

3. 

Weight— flow rates W„, Wg 


4. 

Friction pressure drops (App)^, 


5. 

Heat output Q 


6. 

Mian temperature difference Atj^ 
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The fliiid passage dimsnslons and dg were then 

determined hy assuminf; the n-umber of air passages Na and the air 
passage gap da. Simplification of the equations, which apply with 

the use of finned surfaces, was effected hy the followirxg assvonp- 
tions : 

1. The reduction in free cross-sectional area for flow 

in a gas passage was negligible diie to the presence of the fins. 

2. The ratio of flat.— plate or wall svirface area to fin area 
was 0.707. 

The second assumption results from arranging the fins in the form 
of triangula-r corriigations in the gas passages, with each side of 
a corrugation at an .angle of l|-5° to the wall surfaces. 

Tb.e weight of the finned surfaces in the air passages and for 
the fins in the erchaust— gas passages was computed as follows : 


l.r . _ ^3. T>g Jx ''x 

(15) 

cos 

„ Kg ba hg y.j 7x 

(16) 


The specific weight of the fins used in equations (15) and 

(16) was that of stainless steel. 

The thiclcness of the fins was determined from the design fin 
efficiency and the gas— passage gap. The expression for fin 
efficiency, as given in reference 8, is 

tanh aw 

~ aw (17) 


where 


a = //2h/k^y^ 

As majr he noted from equation (17 the variables in the geometric 
design of the fins which determine their efficiency are the fin 
length and thickness. The arrangement of the fins in a fluid" 
passage established their length as 
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2 cos 45° 

Thus hy means of equations (l?) 2,nd (I8) and the design fin 
efficiencies, the thickness of the fins was computed. In 
eq.uation (IT) an average heat-transfer coefficient of 20 Btu per 
hour, square foot, °F.and the thermal^conductivity of stainless 
steel based upon a tempera.ture of 900 F were assumed. These 
assumptions were fovmd to be representative of calculated heat- 
transfer coefficients and wall temperatures for several of the heat 
exchangers designed. The thermal conductivity o:i stainless steel 
obtained from reference 9 for a temperature of 900° F was 12.2 Btu 
per hour, square foot, °F per foot. The range of fin thicknesses 
for the fin efficiencies and fluid passage gaps investigated is 
specified as follows: 

1. For a fin efficiency of 70 percent, the fin thickness was 

0.004 inch for a 0.2-inch gap, and 0.025 inch of a 0.5-inch gap. 

2. For a fin efficiency of 90 percent, the fin thickness was 

0.015 inch for a 0.2— inch gap, and 0.10 inch for a 0.5“inch 

gap. 


The weight of the flat-plate siurface area was determined by 
means of equation (l) . The plate material was assumed to be 
0.032— inch— thick stainless steel. This metal thickness was chosen 
as approximately the minimum required for satisfactory service life 
and was based on past experience in flat— plate heat— exchanger 
construction (reference 5 ) • The volumes of the heat— exchanger 
cores were determined by means of equation (2). 


RESULTS OF ANALYSIS 

Design charts which show the dimensions of uhe fluid passages 
for the finned and tuifinned heat exchangers are shown in figure ^2. 

The dimensions of the fluid passages were determined by means of 
equations (7) and (l4) . In these charts the passage dimensions 
ba, bg, and dg are plotted as a fxinction of the air-passage 
gap da with the number of air passages as a parameter. These 

charts were used to calculate the weights and volumes of the heat- 
exchanger cores. It is apparent from figure 2 that, for a given 
air gap and number of passages, a large reduction in^ bg and a 
small increase in bQ_ result from the addition of finned surfaces, 
thus indicating a considerable reduction in the primary heat— transfer- ■ 
STirface area. However, an increase of the no— flow dimension for 
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the finned heat exchangers is indicated hy the larger gaps of the 
exhaust-gas passages. 

Figure 3 shows a comparison of volumes between the heat 
exchangers without fins and with fins in both the air and the 
exhaust— gas passages. In this figure the volimies of the heat- 
exchanger cores have been plotted as a function of the air- 
passage gap. To indicate possible trends, compai-i sons' were made 
for families of heat exchangers with 10, Ip, 20, and 30 s,ir 
passages and for heat exchangers with fin efficiencies of 70, 80, and 
90 percent. Inspection of the curves indicates that, for both the 
finned and the unfinned heat exchangers, increasing the number of 
air passages N^ greatly decreases the core volume; also for a 
given number of passages, a considerable saving in the over— all 
size or volume is possible by the use of fins. As would be expected 
the smallest heat exchangers are those with the most efficient fins. 

It is also noticeable that the addition of fins increases the 
optimum air-gap thiclcness and that as the number of passages 
increases the optimum air— gs.p thickness decreases for both the 
finned and the unfinned heat exchangers. From figures 2 and 3 it 
may be seen that the minimum volume of the finned and unfinned 
heo.t exchangers occurs when the air and exhausb-gas passage gaps • 
for each type of excho,nger are the same. 

Figure k shows comptirisons between the weights of the heat 
exchangers without fins and with fins in both the air and the exhaust- 
gas passages. It is apparent from this figure that, with a small 
nimiber of fluid passages and with 90~percent efficient fins, 
increases in the weight of the core results with the use of fins. 

With a small number of fluid passages, as indicated in figure 2, the 
exhaust— gas passage gaps are large as compared to the exhaust-gas 
passage gaps when there are a large number of passages. Therefore, 
for high fin efficiencies, thicker fins must be used in the exhaust- 
gas passages, thereby increasing the weight of the core. With less 
efficient fins and particularly with a large number of passages, the 
,use of fins results in a reduction in weight, with the maximum 
reduction in weight occiurring when the air and the exhaust-gas 
passages are of the same thickness. 

It is of interest to note that for the finned heat exchangers 
the minimum weight and volume occurs for the some air— passage gap 
for a given mmiber of passages. However, for a thermal ice- 
prevention system, the heat exchanger is usiially selected with 
dimensions which will meet the space requirements. These 
dimensions may not correspond to those of minimum weight and volume. 
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For a.Xl prcict.icc.1 purposes ^ th.e ■weigh't'S of "tlie unxinned. 
heat exchangers are essentially constant as the air— passage gap 
is varied. Reductions in weight are achieved for the tiniinned 
heat exchangers h;’’ increasing the number of passages. However, 
with an increase in the nuiaber of po,s3ages the weight reduction 
is not C.S large as compared with the finned units. 

Figures 5 and 6 are comparisons of volume and weight, 
respectively, beween families of unfinned exchangers and exchangers 
with fins in the air passages only. These figures indicate reductions 
in the volume are possible by using fins in the air passages only, but 
the magnitude of the reductions is not as largo as with fins in both 
the air and the exhaust-gas— passages. Weight reductions are obtainable 
with small air-passage gaps where design fin efficiencies can be 
obtained by using short thin fins which are light. For low fin 
efficiencies and with a large number of gas passages, the reduction 
in weight when using fins in the air passages only is not as large 
as with the addition of fins to both the air and the exhaust^as 
passages. 


* EXPESBfiNTAL IIWSSTIGATIOI'I 


To check the design procedure used in the analysis and oO 
obtain comparisons with the predicted weights and volumes, a 
firmed and unfinned heat exchanger were built and tested. 
despription of these tvro heat exchangers and the experimental 
technique used to evalueite their performances are presented herein. 


DESCFIPTIOH OF EQUIPfffiET AMD INSTRUl'IEKTATIOH 


The design features of the firmed and unfinned heat exchangers 
were sim3.1ar. Details of the two heat-exchanger cores are shown 
in figures 7 through 10. Previous experience with ila^-plate hea^ 
exchanger construction has indicated that the plate material should 
be either stabilized stainless steel or Inconel. For the 
plate heat exchanger, the plates were formed from 0.032-inch- thick 
Inconel. Spacers were placed in both the air and the exhaust^as 
passages of this unit to prevent the plates from warping and buckling 
due to the high temperatures encountered. 
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For the finned heat exchp.nger, the' fine ■were shaped in the 
form of cornigations or equally spaced ridges. The fin material 
was 0.015- and 0. 032-inch-thlck stainless steel for the air and the 
exhaust— gas fins, respectively. The pla'tes were formed from 0.032— 
inch— v-iiiclc s'tainless steel . The fins or corr'ugated sheets were 
placed within the gas passages and attached to the plo.tes at the 
tops and bottoms of the corrugations. With this arrangement each 
side of a single corrugation formed two fins: also the fins acted 
as spacers and stiffeners, thus preventing the plates from warping. 
Bef ore assembling the core of the heat exchanger, the plates and 
fins were thoroughly cleaned and then coated with a thin layer of 
copper by a spraying process. When assembled the core was .jigged 
and brazed in a controlled— atmosphere f'urnace. D'uring the furnace- 
brazing process some warpage of the plates in the outside air and 
the exiiaust-gas passages occurred, resulting in poor bonds ' between 
the fins and plates in these passages. Eetouching of some of the 
plate joints was done by flame brazing. 

The heat exchangers were flight-tested on a three-place 
observation— type airrlane powered by a radial engine rated at ' 

835 horsepower at 3900 feet altitude. A more complete description 
of the airplane is given in reference 6. The unfinned heat 
exchanger when Installed for flight tests is shown in figure 11. 

Tb-e shrouding or headers employed in the flight tests 
consisted of transitions between the round exha.ust stack and 
ducting, and the rectangular contours of the heat exchangers. The 
headers used in the determination of core press'ure drop in ground 
tests consisted of straight rectangular ducting, free from any 
pressure losses other than that due to skin friction. 

'The instrumentation used in flight— testing the unfinned heat 
exchanger and the location of the instrumen'tation in the test 
installation are shown in figtire 12. For the flight tests of the 
finned heat exchanger, the instrumentation differed from that 
shown in figure 12 in that the pressure— survey fakes and the static 
wall orifices in the exhaust stack were not used. In these tests the 
nonisothermal pressure drop of the heat exchanger was not measured. 
For the tests of both heat exchangers, air a^nd exha.ust— gas flow 
rates were measured with venturi meters loco-ted downstream from the 
heat exchanger. Air temperattires were measured with two bare iron— 
constantan thermocouples upstream from -Uie heat exchanger and six 
downs'tream, all equally spaced across the ducting diameter. 

Exhaus't— gas temperatures were meas'ured with gimidruple— shielded 
thermocouples, one located upstream ahii one dovmstream from the 
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heat exchanger. The shielded thermocouples were located at the 
center of the exhaijet ctack. 

For the flight tests of the unfinned hea.t exchanger, the 
total— i^ro 3 sure drop across the heat exchanger on the air side was 
nea.3U..’od wo.th two pressure survej; rakes. (See fig. 13 •) On the 
oxhaus-t>-ga.D side, -the static-pressure drop ms measured means 
of three static-wall orifices upstream and four static tubes down- 
stream from the heat exchanger. Tlic four static tubes were a part 
of a pressure- survey rake (fig. 13) nsed to check the exiiaust— gas- 
flow rates as detonnined from the vontxiri meter. 


TEST PBOCEDTJRE 


Flight testing of the heat exchangers was conducted to 
evaluate their theiinal perf omriances and to determine the 
nonisotbcrraal pressiire da-op of tho unf innod heat-exchanger core. 
Ground tests were made to determine the isothorraal core pressure^ 
drops and also the 'isotho^Tnal pressure drop of the headers used in 
flight-testing the ^xnfinned exclirnger. 


• Flight Tests 

FTight testing of the heat exchangers wa.s conducted in level 
flight at 5,000 and 15,000 feet pressure altitudes. The exhaust- 
gas-’-flow rates were regulated hy adjusting the manifold pressure 
and engine speed to obtain desired weight flow rates of approxi- 
mately 3200. k200, and p200 pounds per hour. Howover, due to tho 
limited' capacity of tho engine at 15,000 foot pressua-e altitude, 
only tho lowest flow rate of 3200 pounds per hour could be obtained 
An inlet exhau.st-gas temperahure Of approxima..toly 1600 F was 
obtained by adjusting the fuel-air ratio. The air-flow rate was 
regulaued by means of a valve in the outlet^ir duct. For oach 
oxha.us1>-gas flow rate, measurements were taken at tho maximum air- 
flow i;ato obtalnoblo and at several reduced air-flow ra.tes. 


Ground Tests 

Ground tests of tho \infinned heat exchanger wore made oO 
detemnino the components of tho isothermal pressiire drop ocioss e 
hoat-cxchangcr installation as tested in flight. This was accom- 
plished b-r testing the heatTK3Xcha.ngor core, both air and e^aust 
gas sides'^ when equipped with tho following combinations of headers: 
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1. Inlet and outlet straight headers 

2. Inlot straight header and outlet flight header 

3. Inlet fligiit header and outlet straight header 

During each test^ air at rooti teriperature vas drawn through, the 
heat exchanger at flow rates varying fron 1000 to 6000 pounds per 
hour. Static pressures upstrean and downstrean fron the heat- 
exchanger core were neasured with static tubes, and air flow rates 
were neasiired with a ventm-i rietor. All neasured static-pressure 
drops were corrected for area differences in those tests in which 
the neasurenents were r.iade in ducting of unequal cross— sectional 
area,. The pressure drop of the heat-exchanger core was obtained 
•when the heat exchaiiger was tested with both straight headers, 
since the conponent of pressure drop contributed by the straight 
headers was calculated end found to be negligible. The pressure 
drop of a flight header was detemined by subtracting the pressure 
drop of the core fron the neasured pressure drop of the heat 
exchanger when equipped with a single flight header. As a check 
of the om of the conponent pressure drops, the heat exchanger was 
tested when equipped with both flight headers. Ground tests of the 
finned heat exchanger consisted of neasuring the pressure drop of 
the core when equipped with straight inlet and outlet heod.ers on 
the air and the exhaust— gas sides. 


PEECISION OF i'®ASUKEMEroS 


Tlao venturi neters used to neasure the exhaus'b— gas and the air 
flow rates were calibrated against a sharp-edged orifice. A 
conparison of flow i-a,tos as neasured by the ventvu’i neters and 
pressure— survey rakes indicated agreenent within ±6 and ^5 percent 
for tho exhaust— gas and air flow rates, respectively. 

The inlet— air tenperature was neasured by neans of two bare 
iron-constantan themocouples which indicated tenperatures within 
2° F and 3” F of the standard free— air tenperature installation. 

The outlet— air tonperatixre was token as the arithnetical average 
of the tenperatures as indicated by the six bare iron-constantan 
themocouples. Radiation errors in the themocouple readings were 
reduced by lagging the ducting with l/it— inch asbestos. It is estimated 
the naxinur.1 error in detomining the coverage outle't-air tenperature 
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was ±10^ F. The exhaust-.sas temperatures -wore measured at the 
contc r of the exiiaust stack. Eadiation errors were ni.nlmizod hy 
using q^uadi’uple-shielded thermocouples and hy lagging the exhaust 
stack with l7^inch ashestos. It is estimated the maximum error in 
detornining the average exhaust— gas temperature was ± F . The 
measured air and exhaust-gas temperat^xros wore not corrected for 
Cvdiahatic temperature risos^ since the velocities at the points of 
neasuroment were not large. 

For the flight tests^ the -average total pressure at a station 
on the air side was the arithmetical mean of the total— pressure 
mcasureiients. Since the multicoll manometers used to record 
pressure neasuroments were cali orated^ the error in the use of the 
instruments was principally that of reading the film records. It 
is estimated that the maxinura error in the nonisothernal pressure- 
drop mecasurements was ±1.5 pounds per square foot. For the ground 
tests ^ micromanoneters were used in the pressure measurements. It 
is hclieved the error in the isothermal pressure— drop measurements 
was small. 

Based upon consideration of tho axcuracy of neasuroments, it 
is estimted tho maxinimi error in determining the theimal outputs 
of the heat exchangers w.as ±8 porcont. 

EXBSEIIvENTAL BSSULTS 


The volumes and woi^Ats of the finned and tho unfinned heat 
exchangers, which wore "built and tested, are shown in figures 3(^) 
and ^(c), respectively. The thermal performances of the two 
exchangers as evc-luated from tho air— side enthalpy chcjigo together 
with the predicted thermal output of the unf innod heat exchanger are 
shown in figure l4. The thermal outputs of tho two heat exchangers 
as evaluated from tost data ware correctod to equivalent initia.1 
temperature conditions 'hj' the nothod given in tho appendix. 
Konisothermal pressure— drop data for the unfinned heat exchanger 
as neasur'od in flight and when reducad to NACA standard conditions 
of temperature and pressure o.ro shown in figures 15 and I 6 . 

Predicted isothermal pressure drops and test data for "both heat 
exchangers arc compared at standard conditions in figure 17 • The 
method of reducing the pressure— drop data to standard conditions is 
given in the appendix. 


WACA TN No. 1312 


19 


DISCUSSION 


The volunes of the finned and the lanfimed heat-exchanger cores 
as noted in figure 3(c) wore calculated as the product of bg, 

and I . Those voluries were used in preference to those detemined 
fron the iaea.sured over— all dimensions dvie to the effects of construc- 
tion features upon the OTer— all dimensions. These features, namely, 
the protrusions of the flanges from the plates, are characteristic 
of this heat— exchanger design and have no particular effect upon 
the heat— transfer or pressure— drop perforriances. 

Fran inspection of figure 3(c) it my be noted that the volvine 
of the heat exchanger with finned s^jirfaces is higher than the 
predicted value. In fabricating the fins, allowances for radii 
to bend the fins in the fom of corrugations wore necessary and, 
as a result, the ratio of fin area to primry hea.t— transfer- 
surface area, was le^s than the design ratio of l/0.70T« To 
conpensate for this reduction in fin area, the prinary heat— transfer 
area was increased by increasing the dimensions bf^ and bg. This 
increase in ba end bg also compensated for the reduction in 
free cross-sectional area of the gas passages due to the presence 
of the fins. Thus, with an increase of two of the dimensions of 
the heat exchanger, the resilLting volume ws.s larger than predicted. 

Ihe weights of the cores of the finned and unfinned heat 
exchangers, as noted in figure ^(c), were kk—l /2 pounds and 4^1/2 
pounds, respectively. The magnitude of the reduction in weight with 
the use of fins compares favorably with the predicted values of 
26 and 3O-I/2 pounds. However, this agreement my be fortuitous 
since the predictions are based only on the weight of the flat- 
plate— surface areas plus the weight of the fins for the finned vinit. 
The woi^ts of the completed cores included the additional weight 
of flanges, spacers, brazing mterial, etc. 

To compare the therml outputs at equivalent teat conditions, 
all data were corrected to an initial air to exhaust— gas tempera- 
ture difference of 1500° F. This temperature difference was chosen 
since it approximtes the test conditions of this investigation and 
those encountered by a heat exchanger in a therml ice— prevention 
system. Inspection of figure l4 shows good agreement between the 
thermal performances of the two heat exchangers. The thermal output 
of approximately 245,000 Btu per hour at air and exhaust— gas flow 
rates of 3500 and 3250 pounds per hour, respectively, compares 
favorably with the design output of 250,000 Btu per hour. The 
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design output vas based upon an air and exhaust— gas flow rate of 
3500 poxmds per hour and an initial air-exhaust-gas-tenperature 
difference of 15^1° S'* 

The pressure— drop perfornances of the two heat excha.ngers 
were conpared on the basis of the static— pressure drop across the 
heat-exchanger cores at tenperature and pressure conditions which 
correspond to NACA standard sea— level atnosphere. In isothermal 
flow, static-pressure drop is approximately equivalent to total- 
pressure drop when measured at stations of equal area, if the 
velocity distribution across the two stations is postulated to be 
the same. The method of reducing the measured isothermal and 
nonisothermal pressure— drop data to standard conditions, as shown 
in the s.ppendix, is substantia.ted by the data presented in figures 
15 and 16. 

The predicted isothermal pressure drops for both heat exchangers 
as shown in figure I7 include the friction pressure drops and the 
expansion pressure drops at the outlets of the cores. The entrance 
losses were assumed negligible, since the entry into the individual 
passages was smooth and well rounded. Inspection of figure I7 
indicates that the predicted and experimental pressure drop for 
the finned heat exchanger are slightly lower than the corresponding 
pressure drops for the unfinned unit. This is due to the lower 
expansion pressure losses at the outlet of the fluid passages for 
the finned unit. 


CONCLUSIONS 


Based upon the comparative weights and volxmes of families 
of finned and unfinned flat-plate-type heat exchangers, designed 
for equivalent heat-transfer and frictionr-pressure drop perfoim- 
ances, it is concluded: 

1. A considerable reduction in over-all size or volume 
results with the use of fins in both the air and the exha,ust— gas 
passages. The largest reductions in volume ocevr with the use of 
fins with high efficiencies. For the two heat exchangers built, the 
volume of the finned imit was approxims.tcly I8 percent less than the 
unfinnod unit. 

f 

2. The reduction in weight with the use of fins in both the 
air and the exhaust— gas- passages depends upon the design efficiency 
of the fins cind the dimensions of the fluid passage gaps. The 
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largest reductions in weight were obtained with the lowest design 
fin efficiencies investigated, namely "JO percent, and in exchangers 
which have a large number of passages with the sane size air and 
exhaust— gas passage gaps. For a heat exchanger constructed with 
fins of 70“Pe3rcent design efficiency, the reduction in weight 
compared to an unfinned unit was approximately 10 percent, 

3. With fins in the air passages only, the reduction in volvime 
is not as large as compared to units with fins in both the air and 
the exhaust— gas passages. Weight reductions with this fin arrange- 
ment are obtainable in units with small air— passage gaps. 


Amos Aeronautical Laboratory, 

National Advisory Committee 
Moffett Field, Calif., 


for Aeronautics, 
April 21, 1947. 
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;j>PEnDix 

» 

EEDUCTION. OF DATA TO EQUIVALENT CONDITIONS OF TEMPEIv\TUBES /OO PSSSSURS 

P.oduction of ThcrjnpX Data 


The corroction applied to the thcnnal outputs, of the heat 
exchangers was determined from tho over— ell heat— transfer rate 
which, expressed ip the notation used in this report, is 

Q = UpS Atf4 (19) 


or 


Q = UpS 


r*^gin-'*^gin)- (^Sout - ~*^a-out) 

loge [ ( tgin-tain ) / ( tgoixt-^aout ) ] 


( 20 ) 


Determining teo^t ^Sout enthalpy changes on the air 

and exhaust— gas sides 


and 


taout = (QAfeepa) + ■tain 


■tgout ~ "'"gin “ (^A^g^Pg) 

With these values of "taout '*'Bout^ equation (20), when 
reduced, then hecoinGS 


'5. = (■tgin“‘*^ain 


A ^g^Pa^'^aPpf, \ J 

^ . J 

A'^aCpa+^^gCpg/ 

[_■" ^UpS Kcf[(l./WgCpg^^^^WPa'l i 


( 21 ) 


It may ho noted from this expression that the thci-inal output at 
constant air and exhaust-gas flow rates is a function of 
■tgin“‘‘^ain^ ^Pg^ ^Pa> '^P* cpg, cp^, end Up vary 
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only slightly with temperature, the thermal output varies linearly 
with ‘tgin—'^ain* Hence, the correction to reduce the thermal 

output to standard inlet— temperature conditions is 

Qo = QtestT ° 1 (22) 

L'%in ^^in'tost -J 


P.eduction of Isothermal Pressure— Drop Data 

The isothermal pressure' drop of the hea/c-ezchengor core at 
standard NACA conditions of termporature and pressure may he 
expressed as 

(Apc)q = (APf)o + (^Pe)o (23) 


In equation (23) the heat-exchanger core— entrance loss was assumed 
negligible since the entry into the individual a.ir and exhaust— gas 
passages wa.s smooth and well rounded. Correlating (App)^ and 

(Apg)^ with the corresponding pressure drops at test conditions 





f [f qc (^e/Dq) ]q 'I 
"I Qc (El/Dq) )test J 


(2'0 


and 


, ^ / N r ((1-E)2q„]„ ^ 

(Ape)^ - (Api) [ (l-K) 2qc ] test I 


(25) 


whore K in equation (25) is the ratio of the cross-sectional free 
area of the core to the area of the outlet hoader. With those 
values of (APe)^ and (Ape)q equation (23), when reduced, then 

becomes 


(AP.). - (AP,) (^1^)' 


0*13 


(Apj,)f (26) 

\ Po / 
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The temperature correction (To/Tt© 3 t)°*^® which applies to the 
friction pressure drop, corrects for changes in friction factor 
with Reynolds number. Neglecting this correction results in only a 
■cmi,ql 1 error, since 'the isothermal tests were run at room temperature, 
and simplifies the reduction of isothermal pressvu-o-drop data, to 
merely a density correction, or 

Reduction of Nonisothermal Pressure— Drop Data 

Referring to the stations sho™ in figure 12, the air— side 
nonisothermal total pressure drop of the hea.t-exchanger core was 
detennined from the measured total— pres siu’e drop of the heatr- 
exchanger installation as follows: 


(Apc)j = (A?)i_s ~ ^in^'^s) ~ ^ut(‘^3^ (^Pf^s-s 

The inlet fli^_t-heador pressure drop Kiri(q 2 ) and the outlet 
fli^t— header pressure drop KQ^-t(q 3 ) were evaluated by means of 
ground tests. The coefficients Kin Kout '^hs ratio of 

the flight— header pressure drop to the velocity head at the inlet 
and outlet of the heat— exchanger core, respectively. The friction 
pressure drop ■ (App)^^^ in the ducting downstream from the heat 

exchanger was calcxtLated. 

From the nonisothermal total— pressure drop of the heat- 
exchanger core. 


^ + Apjj = (APp)^ - (qg-^la) (^9) 


where qa-qg is momentum pressure drop. In order to apply 
the proper corrections the magnitudes of App and Apg must be 

known. The proportional distribution of the sum App + App 
into its components was determined from the analytical predictions 
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of tho nonisothermal pressure drop of the core . The total pressure 
drop of the core at HA.CA standard conditions of tomperature and 
pressure is then 


(^Pr 


)o- 


\ *^0/ cav 


0.13 


'^o(? 


Oy 


(30) 


The inothod of e.v.olua.ting and red^icing the atatic—pressuro drop 
of the heat— exchanger core on the oxha.us’b— gas side was similar to 
that used on, the air side. The differences in the two methods were 

(1) in determining the static— pressure drop of the core^ corrections 
were necessary to adjust for area differences ho tween the heat— 
exchanger core and the sta.tions o.t which the measurements wore talcen; 

( 2 ) tho change in pressure duo to a cliange in moraenfrjon on tho 

oxhaust-gas side W 3 .s ^(qtj-q ) as compered to a ~ q on the air 

Side , . 

In figures I5 and lb are presented tho nonispthermai pressure- 
drop data for tho unfinned heat exchanger a.s measured in flight and 
when reduced to sta.nd.ai'*d conditions of tompora.turo and pressure. 

A comparison also is made in figure I6 between these data at 
standard conditions and tho measured isothermal pressure drop, Tlie 
a.greement "between these two sets of data, is fair with some scatter 
on tho air side at tho lower air flow rates. However^ the agree- 
ment does indicato the method of reducing the ncnisotheroial pressure- 
drop data is satisfactory. By eliminating the effects of tempera.— 
ture and pressure with various test, conditions^ this comparison 
illustrates that the basic pressure-drop moasuroment^ to establish 
the pressure drop performance^ is tho isothermal total pressure drop 
across the hoa.t— exchanger core. Tliis conclusion is further 
substantiated after examining tho components of tho nonisothermrJ. 
pressure drop^ wliich^ on the air side^ may be expressed as 


(APe) 


test 



(Apj;) ( ^31) 


Tile change in pressure Q3— Qa due to an increase in momontum of 
the f la id is not riccossarily a totally iirrocovorablc pressure loss. 
Tills pressure drop ma.5'' ho partially recovorod, doponding upon tho 
di'’op in tosiperaturo of the fluid in the sj^stom after tho heat 
exchanger. ' On the oxh.3.ust— gas side, the change in pressure due to 
a docrcaso in nomontum of the fluid results ' in a decrease in pressure 
drop, Tho density corro'etiens' wliich -apply to (Apj.)^ and (Ap-g)^ 
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are those due to variations in temperature of the fluid through the 
core anil changes in pressure with altitude. Isothermal total- 
pressure drop at standard conditions represents skin friction, 
expansion, contraction, or turning losses at a standard temperature 
and pressure, and are irrecoverable losses. 
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F/CrURE SKEiTCH OF A FLAT- PLATE HEAT EXCHAh/OER. 
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FI&URE 2.- VARWT/O/V OF HEAT-EXCHAN6ER DIMENSIONS WITH AIR-RflSSA&E GAP AND 
THE number of AIR PASSAGES. 
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Fig. 3a 




Fig. 3b 
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Fig. 3c 
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Fig. 4b 
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Fig. 5a 
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Fig, 5c 
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Fig. 6b 
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Fig. 7 
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FIGURE 7. DETAIL) OF UNF/NNED HEAT EACH ALGER CORE 
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Fig. 8 



(a) Three-quarter end view. 



(b) Three-quarter side view. 
Figure 8. - Unfinned heat -exchanger core. 
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Fig. 9 



PR/My4Ry R£AT TRARSrr/? y^f?FA-^Q.FT. 

A/R 

3/DE 

/0.55 

GAS 

S/D£ 

/ass 

FfAJ HEAT TRANSFER AREA- SQ FT. 

/3,05 

/3.73 

Af/A//Af6/M AA?££: HR£A -SQ,.FT. 

J98 


A/yORAUL/C D/AM£TE:r - FT. 

.02/6 

.0332 

W£/GRT OR COR£ 

^^.5 LBS. 


F/GUf?£ 9 . - DETA/l 5 OF F/hJA/ED HE A T EXCHANGER CORE 



s*l . I ,*I . I ,*l , 1 51 1 1 . 1 . 


(a) End view. 


Figure 10.- 



(b) Three-quarter end view. 
Finned heat -exchanger core. 
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Fig. 11 



(a) Three-quarter front view. 



(b) Three-quarter rear view. 


Figure 11.- Heat -exchanger installation for flight tests. 
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Fig. 14 
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50CO n. PREZ^. ALT. tj.r, ^leooTj Um = 

PPE.DJCTED OVERALL Ap OF HEAT EXCHANOrER /RSTALLATIOfV 

o measured Overall Ap of heat exchahc>er ihXSTALLAT/oN 

PREDICTED Ap^HEAT EXCHANGER CORE 

+ HEAT EXCHANGER CORE Ap^AS REDUCED FROM MEASURED 
OVERALL Ap‘ 
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predicted heat exchanger core Ap^ / Wg = 3250^A- 

□ heat exchanger core Ap^AS REDUCED FROM MEASURED I 

OVERALL Ap ^ 
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FIGURE 15 -NON- ISOTHERMAL PRESSURE DROP OF 

CORE AS REDUCED FROM MEASURED OVERALL PRESSURE DROP. 
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Fig. 16 
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ISOTHERMAL pressure DROP AT STANDARD CONDITIONS 

PREDICTED 

O MEASURED 

* REDUCED FROM MOM-ISOTHERMAL Af\_ AT .5(.'0O FT F^ESSURE ALTITUDE 
<> REDUCED FROM NON- ISOTHERMAL Ap_ AT '5000 n pressure ALTITUDE 


figure lb- COMPARISON OF ISOTHERMAL AND REDUCED NON-ISCTHFHMAL PRESSURE 
DROP DATA FOR UNFINNLD HEAT EXCHANOFR AT STANDARD COMDiT/ONS, 
AND /4.7 “Vsj in. 
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PREDXCTED AP> HEAT EXCWANGeR WITHOUT FlHS 
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PREDICTED AP, HEAT EXCHANGER WITH F'NS 
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FIGURE 17. - COMPARATIVE CORE PRESSURE DROP5 OF FINNEO AND 
unpinned HEAT EXCHANGERS AT 5TAMDARD CONDITIONS, 
50'’F AMD 147 n. 


